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(54) Capacity allocation for OFDM 

(57) To allocate a number of data elements to a set 
of earners, the carriers are divided into N subsets of car- 
riers according to a predetermined carrier criterion 
whilst the data elements are classified into N groups of 
data elements according to a predetermined data crite- 
rion, N being an integer. 

The predetermined data and carrier criterion have a 
relation on the basis of which the N subsets of carriers 
are associated one by one to the N groups of data ele- 
ments. The data elements classified in such a group are 
then allowed to be modulated only on carriers which 
form part of the subset associated with this group. 

In addition, for each subset of carriers and related 
group of data elements the distribution is obtained by 
means of information from subset dependent 'required 
SNR (Signal Noise Ratio) per data element' -tables and 
previously carried out SNR measurements for each car- 
rier. 
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Description - 

. = ' • ' - . : . c - ■■ ■ >...,:•*. . 

The" present invention relates to a" method for ailo'cating data elements to a set of carriers as described in the pre- 
amble of claim 1, a mapping unit to perform this method and "a modulator equipped with such a mapping unit as 

5 described in the preambles of claims 13 and 14 respectively- 7 

Such a method and such equipment to perform the method are already, known in the art.e.g: from the US Patent 
4,679,22? \ entitled 'Ensemble modem structure for imperfecta transmission * media' from the inventor Dirk Hughes- 
Hartogs. Therein, a* modem is described which transimits and receives digital data on a set of carriers called an ensem- 
ble of carrier frequencies. The modem includes a system for variably allocating data elements or data, and power to the 

io carrier frequencies to be transmitted via a* telephone linei'ln'a" first step, the method performed by this data and power 
allocating system determines, for each carrier frequency/ the equivalent noise component. Obviously, this is equal to 
measuring for each carrier frequency the signal noise ratio (STsjR)provided.that the signal power during this measure- 
ment equals 1 power unit. As is described on lines 21-24 of column 1 1 of the above mentioned US Patent, the equiva- 
lent ndise components are:used in combination -with) the signal noise ratios necessary for transmission of the- data 

75 elements with a given maximumbit error rate (BE R) to calculate therefrom the required transmission power levels, mar- 
ginal required power levels for each carrier frequency and data element allocation. As stated on lines 26-27 of column 
11 of US Patent 4,679,227, these signal noise ratios necessary for transmission of. the data elements are well known in 
the art;' and are found In a table- which is called a 'required^SNR perdata^element'-table in the present patent applica- 
tion. The data elements in the known 5 method are thercalloOated one by one.to the carriers requiring the lowest power 

20 cost to increase the constellation complexity. In this way, the known, method and.rnodem provide a data element alloca- 
tion to compensate for equivalent noise and to maximize the overall data .transmission rate. The known method and 
modem However treat alldata elements in an identical w&y: In. communication networks transporting data elements for: 
different applications and- services,- the requirements for: noises compensation, ' bit error rate, data transmission rate, 
bandwidth and so on, may depend on the type of application or service. Several types of data, each of which charac- 

25 terized by its own requirements :and specifications.; dan thus be distinguished:' ,. • • * ; 

An object of the present invention is to provide a method:and. equipment iof the above; known type but which take 
into account data depending requirements for noise compensation^ transmission-rate and so on, and wherein data ele- 
ment allocation and transmission for each* type of data are-thusituned to its own specifications. 

According to the invention/ this object is* achieved in the. method, mapping unit and modulator described m claims - 

30 1,13 and ^respectively. Indeed? in the method described inclaim *; data:elemenfs are; according to a predetermined 
data criterion, erg: the ^maximum allowable bit error rate, the^required bandwidth/the^equired. data transmission rater, 
the required compensation for noise, the required compensation for burst errors, or a combinationtherebf, classified,: 
into N groups' of data elements. Each group of data- elements becomes modulated on a subset of .carriers; these carriers 
being* selected Out of the full available set 1 of. carriers in accordance with another specific criterion, called a predeter--* 

35 minedcarrier criterion; e.g.'the sensitivity of a carriertfrequency: for noise, the sensitivity of a carrief frequency for burst 
errors; :.. . Based on the relation betweendata and carrier criteria-, the N:groups of data elements are linkedoneby one 
to the N subsets of carriers. In this way, the carrier specific properties are tunerfin to the requirements for transmission 
of specific-groups of data. vj ''.*:- c - •• .r': ■'■■.\>--.: , ;hr . . i- . : k .:; - r . r. ±. . 

In addition, by using'signai noise ratio measurements ihrcombination with .information from a "required SNR per 

40 data element'-table,. a distribution of data elements requiring the lowest overall power transmission is found in a similar 
way as diescribed in the earlier cited US Patent, noticing that 'each group.of data-elements in;the*present method is 
related to its own 'required SNR per data element'-table which renders the allocation method more accurate. 

A further feature of the present data allocation 'method is that in a particular first implementation thereof, the pre- 
determined data criterion is equal to service -dependent required compensation for occasional noise increase. Tele- 

45 phone service for example will have lower requirements with respect to protection against occasional noise increase 
than telebanWng service wherein all data have to be transmitted faultless. The predetermined carrier criterion in this first 
implementation is defined as the sehsitivity of a carrier for such occasional; noise increase. >. 1 . 

As follows from claims 3 and 4, different sources of such occasional noise increase can be thought off. Burst errors 
on transmission Jinks in a network for example may damage a sequence of data elements and should thus be; seen as 

so a first type of occasional noise increase. A well known technique for compensation of. such burst errors>is the addition 
of an error protection code in combination with interleaving of data elements. Such an error protection code adds redun- 
dancy at the cost of user data transmission rate whilst interleaving introduces delay effects which enlarge when . the 
depth of interleaving increases. In a particular embodiment of the above mentioned first implementation of the present 
method, the length of a possibly used error. protection code and the complexity of a possibly applied interleaving. are* 

55 minimized by allocating data provided by services.with high error compensation requirements to carriers which are least 
sensitive for these errors? . ** ' u ; ; ^ - v : ■ . . ■ 

? As indicated in paragraphs. 11. 1 owpage 45 of the draft American. National Standard for Telecommunications on 
ADSL (Asymmetric Digital Subscriber Line), published by ANSI' (American National: Standards Institute) in .April 1 994 , . 
clipping of the output signal of the transmitter should be sefen as another source of occasional noise increase. 
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Another characteristic feature of the present method, described in claim 5, is that in a particular embodiment of the' 
first implementation, the sensitivity for occasional noise increase of a carrier is estimated by measuring the noise power 
No on this carrier and inverting the measured-result Indeed,- as will be proven later on in the description, 1/No. is equal 
to the variation of the carrier's signal noise ratio (SNRdB) in decibels at variation of the noise power on this carrier. .This. 

5 variation of the signal noise ratio obviously is a measure for the sensitivity of the carrier. , 

Yet another feature of the present methodrdescribed in.claim 6, is that in an' alternative. embodiment of the first 
implementation, the sensitivity for occasional noise, increase ot a. carrier is estimated by calculating the variation of the 
bit error rate (BER) of this carrier.at variation of . the nors.e.power.on this, carrier. Indeed, the variation of the bit error rate. 
(BER) obviously is also a measure for the sensitivity. oilhe, carriers?.. . . ...,<;■-. \ 

w Also in an alternative embodiment of thefirsttmplementation,, the^engitivity.Afor oocasional noise increase of a car- 
rier is obtained from a spectrum for;impulsive noisfe. Such a spectrum is shown e.g: in Fig. 4 of, ^contribution Mthe- 
ANSI TIE1.4 working group with reference number T1E} r 4/9trl59, entitled: 'Performance ohMulticarrier with DSb \ 
impulse Noise) and written by PS. Chow, J. M. Cioffi'an&B.K. Maxwell. : .-■ > ■• t .._, : -y { . 

f Still a further characteristic. feature of the present method is that the: occupation of the.carriers with data elements 

i5 is improved by sharing N-1 carriers between two data element groups as is described, in claim 8. In the present ;app1i-.: 
cation, such carriers-are called mixed carriers.aTa assign subsets^of carriers to groups of data elements, all. earners are 
fictively arranged in increasing order or.decreasing.order of: the pcedetermmed carrier criterion (e,g. in increasing order : 
of sensitivity of. the carrier for burst errore}ivA: first subset [of e.^. :4:.carri£rs is then associated with a first group;Of:data 
elements, a second ;.subsetof e.g. 7 carriers is associated with a second group of data elements having e.g> lower noise , 

20 compensation requirements than the first group of data, elements, and so on. Once having allocated the data elements, 
the fourth earner of the first subset however may be partially-unoccupied by data.elements of the first group and there? 
kxe can be used as a mixed carrier, to:which also data elements of ihesecond group are allocated. By extrapolation of t . 
the above eiuvnpie.' rt/is seen thatrfor N rgroupsvOf- data* el emefrts. ra; maximum amount of N-1 mixed carriers is thus ■ 
allotted •'• " • " ■ :;-.cr/; :r 4>v s -, ^clv«).2 to r.orNj; i<tu . " ;\ : '• t - .< .- •: ' * : 

25 Sua another characteristic feature is thafcthe present data, allocation method -js dedicated tominimize overall.power J5v& 
transnnssicn Th* means that.. once: the allocation is performed; it has become impossible to reduce the overall power W?r: \ 

transmission by-removing a.data element from ihecarrier„-whereto it .is allocated to another; carrier,? The possibility to - 
r educe the overal power transmission by^remdving^data element from a carrier to another .carrier forming part of the - *.r z- 

same; subset ol carriers is eliminated by applying the watetfiHing principle described in .the. already~cited US Patent to r-ssrrr 

30 distrtouterdata elements ofa group of data -elements to icarriersiof the associated subset-of carriers-. !n an^iraplementa- •„ v 
tion of this. waterfilling principle„data elemerts-caniLbeallocated.one by one to the carrier havipg the largest signal noise •: ;r 
ratio margin This signal noise ratiocmargin Jherefonhasrto be calculated; for each carrierby subtracting from the signal i -^s^t 
noise ratio value measured Jor this carrier;! *ztr * 

thereto This required signal noise ratio value istound.inthe 'required SNR perdata element-tables already mentioned. r*z, 

35 On the other hand, thepossibility to reduce overallpDwjfer,transmjssionby applying another partition into subsets of car- -zr.- -.. 

riers.has to J^eliminated<^ exists; .the carriers should be nedividedrinto subsetsrof carriers - ' r * 

which are tuned better to the number ofrdata elements in the, different groups. Such a-situation would occur when a : 
large number of data elements is allocated to a subset of carriers with a small capacity with respect to the -required SNR 
per data elementvtable specificto this subset, whilst a small number of data elements is allocated toa subset of carriers 

40 with'- a large capacity with respect tothe Required. SNB per. -date element-table specific to this latter, subset In-.the latter c 
subset dtcarraers, the Signal noise ratio margins^ will Iberlargfe, whilst jn the former subset of carriers, signal.noise-ratio / « 
margins will, be small. ;7 ; u>:nr O. •■ » -.f ,+ r>\ .wm "£ s i. ' z' v 4 . ; . <y.' >•:.•>.••> 

Still, considering the fictive situation wherein the carriers are^arrangedin -increasing or decreasing order, of ^signal 
noise ratio (SNR), no intermediate carriersmay be:left unoccupied since this would imply that carriers having worse - 

45 properties are used inistead of these intermediate carriers. TrHSfeatureiOtthe present allocation_method is described in 
claim 10t . ■ r U :Q n" ^ <- ^ . • -\ ■ . ^* .'■ : 

A second specific implementation of the present:method is described in claim -11 . Therein, digital data are Discrete : 
Multi Tone. (DMT) modulated on a set of \ carriers; for^ansmission thereof, in accordance wjth the already mentioned 
draft ANSkStandard on ADSU;via a telephone line.. For a more precise description of the Discrete Multi Tone (DMT) . 

so modulation-reference is made to the article 54 Multicarrier E.lrHDSL Transceiver System with Coded Modulation'; writ- 
ten by Peter S. Chow; Naofal Ai-Dhahir, John M.rCioffi.-andJohn 'A. C. Bingham and published in the issue . Nn 3 
May?June-1993 of the Journal of European. Transactions on Telecommunications and Related Technologies (ETT); : 
pagesr257-266 and from, the article /Performance: Evaluation >of a- Multichannel Transceiver -System for ADSL and • 
VHDSL Services' from Pet$r S.iGhow et ah published in the issue Nk,6. Augusts 99] of the Jpurnal of European Trans- 

55 actions on Telecommunications and Related;Jechnotogies (ETT), pagesj909*919. The carriers of the just mentioned 
set of carriers have equidistant frequencies. These frequencies, the alternative techniques for ADSL (Asymmetric Dig- 
ital Subscriber Line) transmission (Frequency Division. Multiplexing, Echo Cancellation), and further ADSL transmission 
requirements are air described inthe .draft ANShStandard on ADSL . k .rv. /' ; . 

In this draft ANSI. Standard, it Js further stated that. one -bit constellations are not allowed, which is also described 
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in claim : : : ■ 1 1 :v - •* ■ 

the above mentioned and other objects arid features of the invention will becomfe more apparent and the invention 

itself will be best understood by referring to the following description of an embodiment taken ih conjunction with the 

accompanying drawings wherein: ■ ■ - : ■ " - ' l • 

5 '■ •-• ' >' - 

Rg. 1 is a block scheme of an embodiment of a Discrete Multi Tone (DMT) modulator which includes a mapping 
'unit according to the present invention; 

Fig. 2 is aflow chart of the successive steps and substeps constituting an implementation of the method according 
to the present inventibn; : and includes graphs 'associated to each step to illustrate the evolution of a particular dis- 
10 tributibn of data ejements when executing these steps"; ; " : 

; Fig.' 3 is a graph wherein for a transmission line, the evolution of the noise power rta measured on a carrier as a 
function of the frequency of this carrier is drawn; - ~ r : - 

"Fig. '4 represents two required SNR per data elemenRabfes, used -in several steps of the implementation of the 
■*■ method illustrated by Rg. 2tobuild up the' distribution shbwriin the graphs of Figf 2; and; • - 

15 " ' Fkj. 5 is a table of measured signal noise ratio (SNR) values (ih dB) for each-carrier, also' used in the implemerita- 
-tionof the meihbd illustrated by Fig! 2.- 1 * : l ' J ; : ;." ■ - <*i * : - : iv - 

Referrrng to Fig: 1/a Discrete fyiulti Tone 1 (DMT) 'modulator' MOD used irr asymmetrical digital subscriber line' 
(ADSL) applications will be described. This modulator MOD includes a mapping unit MAP which allocates data ele- 

20 ments to a set of 256 canters according to the present invention? First, the working- of the modulato'r MOD will be 
explained by means of a functional description of the bl6cfe r £HbwrV ifVFig. . Based oh this description^ implementation 
of the 'functional blocks in Fig.- T will be obvious to a peVsori skilled in the- art. in addition, the mapping unit MAP and 
allc^tion tecHrtique performed thereby Will be'Sescrib^ln-furS^-'deteiK" r ' ; ' ' ^ ' ■ 5 

■The 'Discrete Multi Tone (DMT) modulator MOD includes bStweeh a first input Mil and an output MO the cascade 

25 connection 'of a mapping' unit MAP, an inverse fast fburier'transferni processing unit IFFT, a cyclic prefix adder CPA, a 
parallel to serial converter PS;C. and a digital to analog cOhv^rte'rlS AC. The mapping unit MAP is equipped with a proc- 
essor PROC. a; signalnbise' ratio memory SISIRM and'Ni table memories, TM1, Tlv12, :.., TMl, .... TMN; four of which are 
shown in Fig/ 1. These table memories TMl ... TMN form i ^if of one large table memorie TM. The processor PROC in 
the mapping* unit MAP is provided with a first input' 11 coupled to-the modulator input MM, a second input 12 connected 

30 to an output of the i signal noise ratVmemory SNRM, : a third input Wconnetted in parallel to outputs of the N table mem- 
ories, TMi ...TMN and a fourth input 14 colipled to a third input M13 bf the^rhodulator MOD. An input of the signal noise 
ratio memory SNRM is coupled to a second input MI2 of the modulator MOD. The processor PROC further is provided 
with 256'parallel outputs; each at whicrv is connected to '£ corresponding input of the inverse fast fburier transform 
processing unit IFFT. : n oa^v . v ■ - r -? :.v >c 

35 • According to the draft ANSI standard on ADSL, mention^ aVeady in the introductory'part, the Discrete Miilti Tone 
modulator MOD modulates data elements applied to its first Iripui Mil 'oh a set of 256» carriers Having' equidistant fre- 
quencies, and further applies the modulated carriers via its output MO to a twisted pair telephone line; not shown in the 
figure. To be distributed' Over the 256 carriers, the L 'data elements enteririglhe moduiato via Mil are firs^t applied 
to themapping unit MAP which bksed on a particular algorithm that w^^ elements 

40 to the carriers and decides for each carrier which / m(^ufafi6h : ttethbd has to be ^©cecuted. To perform this algorithm, the' 
processor PROC is v prbvided"with rnforrhation from first measurements applied thereto via the fourth input 14 and sec- ; 
ond measurements of the signal ridise ratibs, stored in the signal noise ratio memory SNRM and with information from 
the -required SNR per data eiement'-tables stored in the table memdries TM1 TMN. The processor PROC for exam- 
ple allocates 2 bits to the first carrier, these 2 bits being modulated on this first carrier via 4 QAM modulation, allocates 

45 4 bits to the second carrier, these 4 bits being modulated on this;secbnd carrier via 16 QAM modulation, and s6 on. In 
a signal plane, each modulated carrier can be represented by a single point, representing the amplitude and phase of 
the' career- after modulation. Thus, 256 complex numbers represent the^Sfe modulated barriers arid are therefore out- ~ 
putted parallel at the processors output as a frequency domain parallel sequence of data. This sequence is converted 
into' a time domain parallel sequence of 512 real numbers by the- inverse fast fourier "transform processor. If the trans- 

50 mission line would be perfect; i.e. if no intersymbbl interference would be caused by the impulse response of the trans- 
mission line, the time domain parallel sequences of successive symbols could be joined into a serial data streariv 
transformed into an analogue signal and applied to the transmission line. Due to the effective impulse response length 
of the transmission line however, intersymbol interference will occur. Such intersymbol interference can be compen- 
sated by an adaptive filter at the receiver's side. In known solutions and also suggested in paragraph 6.1 0 of the above 

55 cited draft Standard, such a digital filter technique at the receiver's side is combined with cyclic prefix extension at the 
transmitter's side to obtain sufficient intersymbol interference compensation. The time dorhain parallel sequence at the 
output of the inverse fast fourier transform processing unit IFFT is therefore applied to a cyclic prefix adder CPA which, 
in accordance with paragraph 6.10 on page 44 of the draft ADSL Standard, prepends the last 32 real numbers of the 
time domain parallel sequence to the 512 real numbers constituting this sequence to thereby generate an extended 
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time domain parallel sequence of 544 real numbers. The extended time domain parallel sequence is then applied to the 
cascade of parallel to serial converter PSC and digital to analog .converter DAC to be successively transformed into a 
serial digital sequence and analog signal." " '. ; . 

The block scheme of the Discrete Multi Tone modulator MOD in Fig. 1 will not be described in further detail since 

s such a detailed description is of no importance for the present invention. Further details with respect to ADSL require- 
ments are described in the already mentioned draft ANSI .Standard on. ADSL whilst specific implementations of Discrete 
Multi tone modulators are found in the articles 'A multicarrier E1-HDSL Transceiver System with Coded Modulation', 
written by Peter S.Chow, Naofai AI-Dhahir, .John M. .Cioffj andJphn.A. C. Bingham and published in the issue, Nr. 3 
May/June.1993 of the Journal of European Transactions on Telecommunications and, Related Technologies (ETT), 

io pages 257-266, and 'Performance Evaluation 'of a Multichannel Transceiver $y$iem for. ADSL and VHDSL Services' 
from Peter S. Chow.et.al., published in the issue.Nr. &AugujstJ9$i,of the. Journal of European Transactions on Tele- 
communications and Related Technologies (ETT), pages 909-919. , . _ , .•-.!„ £ -. : . :„ • v 

, The present invention mor,e specifically relates to the mappjng unit MAP and. algorithm executed by .the processor 
PROC therein to allocate data elements applied to the first inputll to. the set of 256 carriers. In,the fpilowing para- 

is graphs, a detailed description of this algorithm and means.included in the mapping unit MAP thereto will be given. How- 
ever, to avoid overloading the figures accompanying the description' of the algorithm, the particular sttuatipn is chosen 

wherein 26 data elements have to be allocated to a set of 1 1 carriers referred to as f 1 f 11 . Obviously, the algorithm 

to allocate data elements to a set of 256 carriers is pot different from tthe .algorithm to allocate data elements to 1 1, car- 
riers. Extrapolation of the;aigonthm described in the t .following paragraphs is thus obvious tpa persoaskjljed in the art. . 

20 The Discrete,. Multi Tone modulator MOD of the preferred er^fxliment forms part of. a full service network not. 
shown in the drawings. The data elements applied to first jnpyt II of the processor PROC-thus originate from a plu- 
rality of services,, each of these services having, it$ pwnjrequirements and specifications. Jeiephone speech data or : 
video data for example are requiring less protection against burst errprs thjan .telebanking data, On the other,.hand,;tel-> . 
ebanking data may be delayed. Besides,, it is well J|mpwq 4 th^ a^carrjer property such as the ; sensitivity for burst .errors 

25 is frequency dependent and thus different for eachxrf the atoye mentioned 256 qarriers^ From these establishments, it 
follows' that some carriers are^mpre likely to be used -for jriodulatiqn ...of data generated by a particular service than oth-; 
ers. jn tfre/firstthree.steps of the allocation method. per^rqngd by the mapper MAP,, carriers and idata elements will . 
therefore be arranged in subsets and [groups accprding ; to thfk properties and requirements respectively. These groups 
of data elements and subsets of carriers wijl iheri be associated: to each otherJn such a way that data, elements.becprne. 

30 allocated to carriers which are tuned to their specificJseAfice.d^endent requirements, in five additipnal steps, the data * 
elements of eacKgroup are distributed pver the carnerspf the qssccjated subset; in order to obtain a satisfying distribur 

tion.. , ... ., • ! : - , ,. ■ • : m . % \ v. .;^:j.iV-,. W 1 . ?;.- • ■ . • ' . .« • 

^Peferring to theflpw chart and; graphs of|-ig. 2, a, step, by step .approach qt the complete service dependent allpr 
cation method performed by the mapping unit will be described now. - ? t . - s>f v 

35 The sequence of 9,steps and substepsjn each, of .tjies^jSteps are shown. in the flow^chart (»vering r the'left part 
of Fig. Z, whilst the evolution of the data element distrfbulion over the set of 11 . ; carriers. Is drawn. in the graphs attached 
to each'^epin'the fjgW part'pf.Fig.jg. ' r ^l : . "y ]y t [ T : \ uo ^ I: a,,, ;; -j-: ^ y ... ■ y::.,<r 

..Thejmapper MAP- of Fig.-lfor the description iathg following pacagraphsls supposed to classify the data elements . 
in 2 groups: a ,group ( of inter leavedxlaja and. a group of fast data. The classification-is performed based upon the require- : 

40 ments with reject . to burst error correction for the data^elementea^ well; as to acceptableJatency. Indeed,, data ele- + 
ments which need to be protectee* against burst .errors will bej^terj.eaved and therefore will be allocated to carriers with 
a high sensitivity for burst errpr^ since for these carriers,, protection by interleaving is provided,, On the contrary, data 
such" as telephone speech data,, which have lower requirements with re^pegt to protection ..against burst errors but are - 
delay sensitive,, will not be interleaved but can be ajlpcated tp carriers whiqh. are. less sensitive for burst, errors. ' < .- ,- : 

45 . The first step of the method.-as follows f rpm k the f lqw.,chart in Fig. 2, js a carrier, ordering step. The 1 1 carri e|^ f 1 , . . * 
f1 1,.haye to be arranged Actively. in decreasing, order of. burst error, sensitivity tp enable dividing these carriers into two 
subsets. A measure for. this burst error sensitivity of a carrier,, as .will be proven immediately, is 1/No where No equals 
the noise power, measured on that carrier. : Indeed, the, burst.error sensitivity of a carrier- can be expressed as the variar 
tion of the signal^noise. ratio SNRdB in dB at yariation of t the. noise No, because a burst error. is. nothing but a variation 

so of the noise No. The numerator in (1) expresses the yariation of the S>NR margin. Mathematically, such a yariation is ♦ 
equal, to the differential: . 4 . : v *• . * ^ : ^ . ' 

:::r- , - ' .: - -r — .(;.- ■ 4 ' : • 

r ■ r n ' d (SNRdB) - m < , t • ; - m *v : 

•. , .. • P ? ... • d (No) f> ,y , ;. r , i( :,,v , . , ,)V^, 
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wherein SNRdB represents the signal, noise ratio of a carrier in decilDels, and is thus proportional to log (S/Np): , 
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SNRdB = 10.1og(r^-) (2) 

with S. being the signal power oh this carrier and No being the noise power oh this carrier. 
5 Substituting (2) in (1)and calculating the differential results in: • * 

\ \^ ■ ^ ■ 5£^^^ - • • 

i: •. :. in d (>Qg No* TO d No - 10 :; N6 2 '10 f _1_ 

w dNo ~ln(10)" _S_ = ln(10) _S_ = No # ln(10) 00 No t ; 

• .:■ .* - .»V N P-' »i5* "j-NOj.. ;•-::.:'* r. v 

...■,■;'» - ** T 4 ' :: * '"i.:-? : >■; ..^« ! - . ' • " 

which proves, that the inverse of the noise.power No on a;carfier is a measure for the burst error sensitivity of this carrier.' 
It is nptedithat the above result corresponds to the .expectatiornthat a carrier which isTiormally not plagued by noise' 

is compared to a carrier which is already plagued by a lot of noise, will sustain relatively more damage from burst errors. 
Step 1 .thus contains/3 substeps: a first substep wherein 'the noise power No. for. each, carrier is measured and 
wherein these measurements are applied to the processor PROC via its fourth inputs 14, a second substep wherein the 
measured.results are inverted by the processor PROC, and a third substep wherein the carriers kre fictively arranged 
in decreasing order of noise sensitivity or increasing order of measured noise power No. The noise power No measured 

20 on a earner is frequency dependentfor example in a way similarab the graph of Fig. 3 : In thisexample, carriers with low 
and high frequencies are more noise sensitive than carriers' with intermediate, frequencies. The sequeince of carriers 
ot^ned by haiyery. arranging the 11 carriers is shownjn.thefifst graph of Fig. 2: :• av 

In the s^conc step of the algorithm, ..the mapping unit MAP, of ^Fig.- 1 classifies the incoming data, elements in 2 
groups As at eady explained, the requirements with respect to interleaving are usied as a criterion f or this classification. 

25 Once dassiied. each data element can be considered to carry a label defining whether it forms part of the group of 
interleaved <teta or of the group of fast data. In the graphs:of Fig; 2. this is shown by representing each data element 
classified m the group of interleaved data by a small triangle, whilst representing the data elements of the group of fast 
date by sma& ordes It is f urtherrSeen in Fig. 2 that 26 data elements-have to be classified in these two groups: 1 6 data' 
elements thereof belong Jo group 1, whilstthe remainirig/IO data, elements belong to the second group of fast data. It 

30 has. to be noticed that in an alternative implementation of the present invention; the data elements are already carrying- 
a label simUar to the just mentioned)labels when entering Jhe.modulator MOD in such a way that it is no longer a-task 
of the mapping unrt MAP.to partition the data elements iagroups. : .i • - y v. .v 

In the third step, the carriers are divided in two^subsets. Considering the carriers. f1 ... f11 being arranged in 
decreasing order of noise sensitivity, the third step is executed by defining the last carrier, in the sequence which 

35 belongs to subset 1 In the corresponding. graph in the right parfcbf: Fig. 2, a vertical lineJs drawn to separate subset 1 
carriers from subset 2 carriers. Subset 1 is constituted by carriers f1 1? f1, f2, f 10, f3, : f9 and f8, whilst subset 2 contains 
carriers;f4 v f7.-f6>andf5. . , - :f : ;»v '.?-■ .."? r*\ j:™ : 'it- * t :*-* " r-j " 

u . It ts noted here that the division in subsets might be based on adummy rule assigning an equal number-of carriers 
to each^ubse? More intelligent implementations of the present method however may use a subset composition already 

40 stored;in an additional memory means, not shown in the drawings; and may adapt this composition according to the' 
number of data elements classified rn the several groups in step 2.- r : r . ,» . : ^ * 

. In the fourth step, the data elements are allocated randomly- to the carriers, i.e. .the data elements of the interleaved 
group ar.e distributed randomly over the;carriers of the first subset,. whilst the data elements of the: fast group are distrib- 
uted randomly over the second subset of carriers. The so obtained distribution for the example of Fig. 2 is. shown in the 

45 second graph on the right side of this figure. It is remarked that in alternative embodiments of the modulator according 
to the present invention, the data elements .can be allocated to the carriers of their associated subset in a way based 
on; a . previously established distribution which was .stored 'in a « memory means provided thereto in these alternative 
embodiments. In such embodiments, the distribution, based on previously stored results is expected to be closer to the 
optimal distribution than a random distribution, as a result o' which less modifications have to be applied to the coristel- 

so lations in the following steps of the algorithm. , - - . ' . ; 

As is seen in the.second graph two carriers, one of which belongs to subset 1 and the second of which belongs- to 
subset 2, are left unoccupied. Therefore, in step 5, data elements are removed to.obtain new constellations without- 
unoccupied carriers. To decide which data elements are removed, the 'required SNR per data element-tables are con- 
sulted.,,Such a table exists for both subsets. of carriers and these tables : are stored ii%2 table memories similar to the 

55 table memories TM1 ... TMN shown in Fig. 1 . Sucha Required SNR per data element-table, as already said in the intro- 
duction, is well known in the artJn the.present method however,, a plurality of these tables is used since each subgroup 
of carriers has its own table. The two tables corresponding to subset 1 and subset 2 are showrrin Fig. 4. ;Therein, the 
left table corresponds^ subset l^and^e right table? corresponds to subset 2. The measured SNR values for each of 
the carriers f1 .../flil are listedin the:table of. Fig. 5: For, each- carrier, the SNR margin is calculated. These SNR margins 
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are first calculated for each carrier in subset 1 by subtracting the requested SNR from the SNR value measured on each 
of these carriers. Carrier f 1 for example carries 3 data bits in step 4. The SNR measured on f 1 equals 22 dB whilst the 
required SNR allowing fl to carry 3 data bits is equal to 20 dB. As a result, the SNR margin for f 1 equals 2 dB. The SNR 
margins similarly calculated for f2„f10, f3, f9 arid f8 are equal to 0 dB, -1 dB, 7 dB, -1 dB^and 2 dB respectively., Since 

5 the minimum overall SNR margin equals the overall power decrease that can be performed, data elements are removed, 
from a carrier to an unoccupied carrier in such a way that the minimum SNR margin increases as much as possible. 
Two carriers, f 10 and f9 have an SNR margin of -1 dB. Since 4 data bits are allocated to f 1 0 and 3 data bits are assigned 
to f9, f 1 0 is more noise sensitive than f9. Therefore, .a data bit is removed from f 1 0 to f 1 1.. When the same procedure is 
applied to the second group of fast data elements in : Fig. a,; the constellation drawn for step 4 changes into the constel- 

w lation drawn for step 5. . Vt "i" ;T ' "v . " .. . ' - 

In the sixth step, the data element allocations are equalised within each group. To perform this equalising the signal 
noise ratio (SNR) measurements, supplied to the processor PROC via its second input 12, are again compared to the 
required signal noise ratio values stored in the'lrequiredSNR per data element'-tables and applied to the proCfessbr 
PROGvia 13, .Data elements of the first group are removed from; carriers' of: subset 1 and allocated toother earners of 

75 subset 1 to thereby maximize the minimum SNR margin? within this groups The SNR margins for f 1 1 , f.1 , f2, f 10, f3; f9 
and f8, calculated as- already described above, are equal to. V6B, 2 dB^OdB; 2/dB, 7dB,.-1 cJB and»2 dB. To increase 
the minimumSNR' margin, a data bitthen is removed from" the. carrier with I east .SNR margin to'the carrier that-hasthe 
highesfcSNR margin after this data bitrhas b^en added1hereto..1n the exampleof Efig.t2,.a data- bit; previouslyallocated 
to f9;is thus removed therefrom and becomes assigned to carrierf3. t :As a result.tfee SNR margin of f9 increases from 

20 -1 dB to 3 dB, whilst the>;SNR:i+iargrn of f3.remains 7 dB:cA' further/data bit, carried ;bytf2, is^not removetftherefrom to 
be added to f3 since this would imply a reduction of toe^SNR marginrof f3 to 3 dB without increase of the SNR margin 
of f2. The same procedure is followed for equalising the: fast data elements allocated to the second subset of carriers. 
When equalising all datarelements in the interleaved ^groupland-fast group in such"a way thatthe minimum remaining 
SNR margins for all carriers within each grouprare^rmaxirnizfed^the constel lation fshown in tHe graph attached to step 6 

25 in Fig. 2 is obtained, i v * 1 •*. ».v • ' ';r>-:. ,i. {T.^o. >:'; v-cJ -n: U >:Z'. m • 

According to the draft ADSL. Standard, one bit cbnsteltetioris'have to be^remdved: 4n .step* 7 it<is therefore checked V 
whether such 1 ;Jbit constellations exist.br not/ If it bit constellations are detected, they^are^ upgraded to two bit constel- 
lations by removing once more bits from other carriers in*a waysimflarto step5?lfrcan be<seen from tne'^graph attached ; v ' 

to step 7 in Fig. 2 that carriers f 1 1 and f5 mo longer earry ohly 1 bit. By removing a first data bit from f2 to f 1 1 and a &£ 

30 second data bit from f2 to f3, the SNR margin olf2 isincr.eas©Gtfrom 0 dB to T6 dB. fte SNR margin off 1-1 on the other 

hand is left.unmodified land still equals- 1 dBiFcnr each:sabset»of:catriers; an optimal data bit allocation is obtained now, r *■ 

i.e. an allocation is found with maximal minimum SNR margins;. For subset.1 this^mimmum: SNR margin is eqtiatl to 1 
dB, for subset 2 th.e minimum SNR margin equals 3 dB. Aa overall power decrease otT dBcan thus be applied if no * r * 
furthersteps are performed: -vs •; •; " i rj •*:. : y. b&U:-;.;^. \ -i r : " t viil: -i= ' /i^i.-b': 

35 To obtain a data elementdistributibn requiring the least overaH power to be transmitted,:overall equalization ha6 to * - 

be performed m step^L Indeedrife in' step 3 a subset of carriers with-large capacity is associated to- a group containing N 
a small number of data elements and vice versa, no optimal distribution with respect to overall power transmission will ' 
be obtained byexecuting-sucscessiyely steps 4,^5, 6:andc7tiSuch a poor division in subsets of carriers always' involves 
the creation of carriercsubsets with Jarge SNR margins per/carrier and carrieh subsets wittt small SNR rriargins^per^r- 

40 rier. With respect to optimised overdll power ti^ margin should be maximized since 

this results in a minimum overall power transmission step* 8 :it is therefore checked* whether it is still possible lb-''" 
remove data elements fromia carrier to a carrier of another subset thereby-enlarging ;the minimum overall SNR margin. 
If this is still possible, the carriers have to be rearranged in new subsets oficarriers comprising a number of carriers that 
is better tuned to the number ofcdata elements in the respective associated groups of data elements! When applied fa- 

45 the example of- .Fig, .2.-. the subsets and. data constellations are4ransformed into,- the ; subsets' and data 'cbnstellatibris : ' 
shown in the graph attached to step^. The overall powgr decrease is increased in step 8 from 1 dB to 2 dB: 

^.Finally it is noticed that*in each subset- one carrier might not be r completely 'occupied by data elements sin©e.full ' 
occupation thereof depends on the actual number. of data elements- in the i associated groups In the example Of Fig. 2, : 
the last carrier of the first ^lijbsetor theiirst carrier of the second subset is therefore allowed to carry -data elements of ' 

so the group of interleaved data elements as well as of the group of fast data elements. Such a carrier is called a mixed 
carrie/. Whenever it is possible: to obtaina configuration with larger SNR margins by the creation of mixed carriers at 
the : edges between two neighbouring subsets, this has to be done in a further step, step '9. The constellation obtained 
in Fig: 2 in this.way is shown inJhe last graph on the right side. ■ r H - - 

■It has to be noted .that although 1he. described embodiment aof the modulator ^is 'used in ADSL applications, the 

55 present method can be implemented in other transmission systems too, e.g. coax cable applications such as DMT (Dis- 
crete Multl Tone) for coa* radio transmission* applications suGh as DVB (Digital Video Broadcast), DAB (Digital Audio 
Broadcast) and mobile communication: ... n ) vr. v n* :;- \: '< 

It is.also remarked thataithoagh the described.modulator.includes an inverse fast fourrer transform^processing unit ^ 
and cyclic prefix adder to convert the.frequehcy. domain sequence of data into a time domain sequence of data, 5 it is 
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obvious that the present method can be implemented in a modulator provided with other transformation units, e.g. a 
DCT (Discrete Cosine Transform) processing unit as is included in a DWMT (Discrete Wavelet Multi Tone) modulator. 

Furthermore it is noted that the data criterion not necessarily has to be related to service dependent requirements. 
In an alternative implementation of the present meihbd hot further described in thispatent application, overhead data 

5 may constitute a first group of data elements whilst user data constitute a second group of data elements, the user data 
being allocated to carriers different from the carriers occupied by the overhead data. In another alternative implemen- 
tation th$ predetermined ..data criterion can be equal to the rpquiredinterleaving depth, this interleaving depth not being 
determined by the kind of service. Still another alternative jmpleme'ritetion'of the present method might be based on the 
insight that different users may* require dTfferent'bahdwidthsi or different niaximum bit error rates. In such an implemen- 

10 tation, the predetermined data criterion can be user dependent instead of service dependent. 

Another remark is that although data elements are .classif ied in two groups and^ carriers are divided in two subsets 
in the described emboclimai't, it is obvious to a person skilled in i the art how to adapt the described method and equip- 
ment to'obtain.the situation wherein the data 'elements are classified in'N'groups and wherein trie carriers are divided 
into N subsets, N being an arbitrarily chosen integer value. Sirfiilariy, it is obvious to a person skilled in the >rt : how to 

is adapt the described. erribbdiment to situations wherein .th 4 amount of carriers is different from 11 or 256. '\ 

Yet it is noticed that the present allocation method can be^e^ted;pnce, at initialisation of the system wherein it 
is used, or repeatedly during operation of this system. When executed at initialisation of the system, thfe obtained data 
distribution can be stored in a memory means and used during operation. Jn the latter situatipn of repeated execution 
of the method, the data distribution is ufxiated continuously. The rj^uirai processing time in this s'rtuatiori however is 

20 larger . '* [ J " v ' ' \' \ " "' " 'j'** m ''' v ' ' - 

While the principles of the invention have been described above in tenriectibn with Ipebrfic apparatus, it is to be 
clearly understood that this description is made only by way of example and not as a limitation on the scope of the 
invention. ^ 

25 Claims"" '" -* ' A ■ ' ' * - ; ; ^ - : - ; 

1. Method for allocating data elements to a set of carriers for |ransmission thereof in a communication network, said 
method including, to decide' which nuniber of said data eferrients has to be allocated to a carrier of said set of car- 
riers,,a.step of measuring a signal nqjse ratio for said carrier and combining said signal noise.ratio with information 

30 frqm a/r^ujred^SNR p^r data elemenf-table which dfednes; : fi)e required "iigriaf noise ratio per data eleTm^nt alio- 1 * 
Seated to a said carrier, charaqtefiz^d in that' said set 'of .carriers *js divided into N subsets of carriers according to a 
" ^predetermined carrier criterion,' N being in integer numbei- and Said N subsets constituting ah adaptable partition 
of said siet of carriers, whereby to each of said subs^js^a^ciatfed in own 'rkjuired SNRper data eiemenrt'-table 
"which defines the required signal noise ratio per data etemSnt allcfeated to a saicf carrierlfbrrhihg part of said subset 
35 6f carriers, and furthermore that each said data element.'b'eftfre being allocated to a said carrier, is classifiedlh one 
r out of.N groups of data elements according to a predetermined data aiterioh, thWe being a refation between said 
^predetermined' data criteripn and. said V^^Btbrpifin^l^rri^r .crlteqph bri the basis of which eadh of said til groups 
of data elements is associated with. a said subset : gf ^r^rs jn such a way that a said data element, classified in a 
. \said grbup, is allocated to a said carrier forming part of 'said' subset associated with said' group'." 1 " 

40 T . r J '" y y '"" / ' ;!yy v.v.y " 

2. ' A method according to claim 1 . characterized inlhat jn ^icl corhTO ^erhfents are ^ pro- 
vided by a plurality of services, said predetermined carrieif friferibn being the sensitivity'of a said cairrier for occa- 
sional noise jncrease, and said predetermined data' criterion being the dependent requirements for 
protection against said occasional noise increase. - - * - - 

3. A method according to claim 2, characterized in that : said dccasiohal ndfse increase is duie to burst errors pn eon- 
nections in said communication network. ' ' f " ? r 

4. A^nietH'od according to claim 2, characterized In th£t said occasional noise increase is due" to clipping of signals 
so transmitted in said communication network. ,L> ; , . 

5. A method according to claim 2, characterized in that said sensitivity of a said carrier for said occasional noise 
' increase is equal to a differiential d(SNRdB)/d(No), wherein SNRdB represents tiie signal rioiseVatio in decibels 

measured on saLd . carrier arid wherein No represents the noise power measured oh said 'carrier, saicf differiential 
55 representing 'a variation of, said signal noise ratio SNRdB at a variatiori-of said noise power No and being propor- 
tional to 1>No. 

6, . A method according. to cilalm 2",^ characterized in that said sensitivity of a said carrier for said occasional noise 
increase is equal foa differential d(BE R)/d(No),* wherein BER represents the bit error rate measured iter said carrier 
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and wherein No represents the noise power measured on said carrier, said differential representing a variation of 
said bit error rate BER at a variation of said noise power No. ./ 

7. . A method according to claim .2,, characterized in that said sensitivity bf a said carrier for said occasional' noise 
5 increase is obtained from a spectrum for impulsive nojie. 

8. A method according to claim 1, characterized in that.N-1 of said carriers are mixed carriers, each being shared ' 
: between two neighbouring ones of said>'ubsete.pf ^.carn^rs and aU°wed therefore to be/allocated said data ele- 
ments classified in two of said groups of data elements associated with one of said two stibsets of carried reispec- ! 

10 tively. > . . .„ r • h~- j- ■ ..-....»•.. . , 

9. A method according to claim 1 , characterized jn that for each carrier , an associated signal noise' ratio margin is min- 
, irhized to thereby eliminate the possibility to fkiuce. overall power transmission by removing a data element allo- 
cated to a said carrier from said carrier, to anplher s^id carrier; said associated signal noise ratio margin 'for eabh 

is said carrier being equal to SNR'-SNlRR wherein SNR represents the signal noise ratio measured for said carrier and ' 
wherein SNRR represents the required signal, noise ratio allowing io modulate on said carrier the number of data " 
elements allocated thereto, SNRR' being bbtaini^fram a said 'required $NR per data element'-table. ' 

10. A method accpdihg to' claim carrieiB areflfirtryely^arranig^^ in decreasing or 
20 increasing order of signal noise ratio measured thereon, no" intermediate carriers are left unoccupied, an interme- 
diate carri e r being a carr ier between a first and . last parri.er in a sequence of carr i ers obtai n ed by f ictively arrarig ing 

\ said carriers Tn d^reasing. or i ncreasi ng order of said signai nqise ratio." . , 

11. A method according to claim 1, characterized in that said communication network is an Asymmetric Digital Sub- 
25 scriber Loop (ADSL) access network wherein said data elements are Discrete Multi Tone (DMT) modulated on a 

said set of carriers having equidistant frequencies. 

12. A method according to claim 1p,"characf^ t . ; m \ .11 

30 13. A mapping unit (MAP) for ^beating data element to a in a cbrnmUriication 

network, §aid mapping unit (MA^) including an/SNR'^ ; 
of carriers a signal ncwse ratio value, a t&e me V 
; defining the r^uired signa.! noise ratjb per data d a'sajd carrier arid a processpf (PftOC) to a : v 

Jfirst iriputV(lf j'bf which said data elements fare applied, and to second (12) and third (13) input's of whiqK outputs of {, .j 

35 c said SNR meniory (Sf^BM) and said table merrior^^ processor (PRO'C). being ■ \ 

\ adapted to' combine for e§cfi said carrier/said signal noise ratio value with information in said 'required SNf^ per % X 

r data element' : taBle 'to'd^id.e. which; nurrber of said i.dafa elements to allocate to each said carrier, characterized in 
thai ^aid t£bl£ memory (Tito) iis; subdivided irfto'N ["table : mempHes^(TM1 ... TMN) being associated one by one with 
N subsets of carriers/and provided Jhjus \6 store. a 'r^uired SNR per data elemert;-table. defining the required sig- 
40 nal noise ratio per data element allocated to a carrier of said associated subset of carriers, and furthermore that 
said processor (PROC). is adapted to divide said^set.qf carriers,, according to a predetermined carrier criterion, into , 
saiid N subsets of earners constituting' an adapted e partition of said s#f of carriers, to ciassiify said data elements, " 
according to a predetern^ned data cnterion^intd K [ groups of data elements, said predetermine carrier criterion 
and'said predetermined data criterion having a relation bn the basis bf which each of said I N' groups of data el e- 
45 ments is associated with a said subset of carriers, and to allocate said 1 data elements to said carriers in such a way 
that said data elements classified jn a said group of data elements are.allocated to said carriers forming part of said ., 
subset associated with said group. . . • . ^ 

14. f A modulator (MOD) for modulation of data elements applied to an input (MI1) thereof on a set of carriers for trans- t 
so mission thereof in a communication network coupled to ah output (iyi6) thereof, said modulator (MOD) including 
between said input (MM) and said output (MO) a cascade connection of a mapping unit (MAP), a transformation 
unit (IFFT, CPA), ^a parallel to serial, converter (PSC) and a digital to analog converter (DAC), said mapping unit 
(MAP) being provided to allocate said data elements to said set of carriers and to'thereby generate a frequency 
.domain parallel sequence of* data, said transformation unit (IFFT; CPA) being included to transform said frequency 
55 domain parallel sequence of data Applied to its input and to thereby generate ajbme dpmain'parallel sequence of 
data, said parallel to serial converter (PSC) being adapted to convert said time "dbmairi parallel sequence of data 
into a serial sequence of data which is applied to said digital to analog converter included to transform said serial 
. sequence pf data into an. analog signal and to supply said analog, signal^ to said output (MO) of said modulator . 
. (MOD), said mapping* unit, (M^ (SN RM) provided ^p store for each "carrier of said set 
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of carriers a signal noise ratio value, a table memory (TM) provided to store a 'required SNR per data element'-table 
defining the required signal noise ratio per data element allocated to a said carrier, and a processor (PROC) to a 
first input (11) of which said data elements are applied, and to second (12) and third (13) inputs of which, outputs of 
said SNR memory (SNRM) and said table memory (TM) are connected respectively, said processor (PROC) being 

5 adapted to combine for each said carrier, said signal rioise ratio value with information in said 'required SNR per 

data element'-table to decide which number of said data elements to allocate to each said carrier, characterized in 
that said table memory (TM) is subdivided into N table memories (TM1 ... TMN) being associated one by one with 
N subsets of carriers and provided thus to store a 'required SNR per data element'-table defining the required sig- 
nal noise ratio per data element allocated to a carrier of saict associated subset of carriers, and furthermore that 

w said processor (PROC) is adapted to divide said set of earners; according to a predetermined carrier criterion, into 
said N subsets of carriers constituting an adaptable partition <tf said set of carriers, to classify said data elements, 
according to a predetermined data criterion, into N groups of data elements, said predetermined carrier criterion 
and said predetermined data criterion having a relation on the basis of which each of said N groups of data ele- 
ments is associated with a said subset of carriers, and to allocate said data elements to said carriers in such a way 

T5 that said data elements classif ied in a said group of data elements are allocated to said carriers forming part of said 

subset associated with said group. ■ - - — - • « - ~ r - 
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A Practical Discrete Multitone Transceiver Loading Algorithm ffz Data 
Transmission over Spectrally Shaped Channels . IV j!- ^ 

? TF> TF^ ^© Peter S. Chow, John M, Cioffi, jind John A.C. Bingham _ 



in /r^"ora o^S^» opc im a. system performance 

tern The proposed algorithm- offers significant impleme^a- .. fo^ n .. v tlien it guarantees convergence with a 

tionai advantages over the well-known ""^CT""; L™* su boptimal loop, and lastly- it. adjusts the energy distri- 
r d ^ZtJ^^^^^^^^ %'u«^ accordingly on a subchannel- by-subchannel basis-. 
ootTm.! solution w e also present simulation, results of thb Algor ithmically, this .procedure can be summarized as fol- 
£d£ £orithm .ppHod to the n.wly propel Asyr^^^- > > :1 > ' . >.* , r 

Digital Subscriber Lines (ADSL) service. • * ^cbinpute' • ' subchannel' signal-to-noise ra- 

i : _ - ! . . 

! I. Introduction"' ' ; , 

,„ T#r#nD V€MS various digital subscriber line (DSl5*j[l4»l\,& afcifr^W*U' =f : : 6 ^S), Xt^cteCouht = 0 and 
an? n^^o^d modem applications (2) have ' V4M eprHr, =:Af„where ^ is che^urre^sys 



" lM 1. Compute .subchannel signal- to noise ra- 
i 7- ; ■ ( xio; :SNR(i)^ : Vi, assuming that all subchannels are 
1 r^r used "with-a normalized energy, level of £{i) = 1 *'t. 



oenerated a tremendous amount of research interest in de- 
signing high performance, yet cost, effective,, digital daw 
transmission systems. One extremely efficient m^^. 
and equalization technique that is particularly weld suited.;;, 
for these tvpes of applications is Discrete Multitone modu- 
lation (see '[31, [4], and [5]). A crucial aspect in th^d^gn of ^ 
a DMT system for data transmission over spectrally shaped 
channels 'is the need to optimize the system transmission 
bandwidth* through an optimal loading algorithm. In this 
paper, we present a- practical and efficient DMT loading 
algorithm.' '. . 

ill. A DMT Loadino Algorithm 
It has long been known that the capacity-achieving en- 
erov distribution for a spectrally shaped channel corre- 
sponds to a "water-pouring" distribution (6). However 
while the water-pouring energy allocation will indeed yield 
the optimal solution, it is often difficult to; compute, and 
it tacitly assumes infinite granularity in constellation size, 
which is not realizable. One known finite-granularity mul- 
ticarrier loading algorithm is the Hughes-Hartogs algo- 
rithm^ {"]). Unfortunately, the Hughes-Hartogs algo- 
rithm is verv slow for applications like ADSL where a large 
number of bits (in the range of 400 to 2000*) will be con- 
tained in .each DMT symbol and transmitted over a large 
number of subchannels (typically 256). As an alternative 
to Hughes-Hartogs, we propose the following iterative al- 
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orv of the IEEE Communication : Society. ~Manusef ipt received:Sepiember 
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tem performance margin, and .V is the maximum num- 
ber of usable carriers. 

& r #W -i • = , -'l.'''to' .V< .f<sdcuU*e*6(t). and 
■•'}UsedQarriers iccbr&irig; toV . 



Mi) = lP9i(l + 



SNR(i) 



T'-r 7mor 9 tn {dB) 

; ;S(i) : = r r6uTid[b(i)] 
diff(i) - 6(i) - Hi) 



) 



(1) 

(2) 
(3) 



// 6(t) = 0. UsedCarriers = UsedCarriers - 1 (4) 

where T in Equation (1) is the j'SNR gap" in the well- 
known "gap approximation" [8]. 

4. Let B lota i = ^,=1 hi)- Stop and declare bad channel 
if Bwtoi = 0. ! 

5. Compute new - lmar3 i n according to: 

where Buxrga is the desired number ojf bits per DMT 
symbol. 

6. Let IterateCount = IterateCount + 

7. If Bu>tai = Btargct and IterateCount < MaxCount. 
let UsedCarriers = N and go to stjsp 3, else go to 
step 8. 



8 



If Btotai > Biar 9 eu then subtract one bit at a time 



*» ' IC/l til — y« • 

from P n the carrier that has the^'smallest diff(i) 
adjust diff(i). for that particular carrier, and repeat 

Until B.totai = Btargct- _ 

. 9.. If Btouxt < S tor? c., then add one bit at a time to 6(t) on 
the carrier that has the largest diff{i), adjust diff{i) 
for that particular: carrier,, and repeat until B t0 tai = 

D target- . ~ *■ 

^Svstem performance, or noise, margin; is .djs&ned as the additional 
. amount of.noise.(in dB) that tHe system can toier ate, while still acineving 
the minimum desired bit error rate requirement. 

2 The nnal energy adjustment section is onJy used when the traosmission 
svstem is constrained by the total transmit power. 
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10: Adjust input energy distribution accordingly so that 
'Pi(i) "= Pc.t*T 9 cz V* gi'ven the bit allocation- b(i). At 
the end of this operation, the resulting transmit power 
mask will no longer be perfectly fiat, but rather the 
transmit power mask will have a saw-tooth shape with 
approximately a 3. dB [peak- to- peak deviation due to 

» the integer bit. constellation; constraint.. . 

if. Scale' final energy distribution for all used carriers 
..with a common scaling. factor so .that the total energy 

• level, StoLi^ equals to the target energy level, £tar 5c r- 
. This. common scaling factor is equivalent to the final 

system performance margin at the .specified bit error 

• rate. • ./;.-.= - 
In- essence, steps 1 to will iierativery' find the appro- 
priate-system performance -margin^ 7r^ar^n- If the algo- 
rithm does not converge" after Max Count it era t ions, { c6n- 7 
vergence, is forced with steps 8 and 9,L. Lastly, steps 10 
and 11 fine tune the energy distribution on .a subchannel- 

. by- subchannel basis to; assure equal and - optimal systemj 
performance margin oyer all used subchannels at the.5pec-/ 
ifiect'bit- error rate (BER)- : "Furthermore,^ for an: uncoded,. 
zero-margin sys'tem wjitfi a' B'ER of \0~ 7 t the SNR gap, v I\ 
in .the .calculation^/ 6(i) an step .3 .above is approximate) v r 
9.8 dB 3 . ; - : u : 

VVhile this algorithm may be slightly>ubdptimal reiatiye . 
to the-Hughes-Hartogs algorithm, ait- times 4 , it will typically 
converge much faster than HugheS^H'ar togs -for applications. 
like.AD.SL. Unlike Hughes-Hartogs, whose average running; 
time-is proportional to O .{Buhu 'X*;V), the worst cas£-run ? - 
ning time for our proposed algorithm is proportional to 

0 (MaxCount x N + 2N). Based on actual system imple r 
mentation with commercial DSP chips, it has been -found 
that the number of iterations, IteratcCount, necessary, to, 
bring this algorithm to convergence over real ADSL loops is 
no more than 10; i.e, MaxCount = 10 will suffice. F\i'f^hef-.. 
more, this algorithm offers the added advantage of ho^a'df 
ditional penalty in terms of execution time when we reduce 
the granularity of constellation size from integer number- .of 
bits to fractional number of bits, say half bit increments. 
The running time for Hughes-Hartogs algorithm, on the, 
other hand, will be doubled with half bit constellation sizes.;. 
More details on the general conditions for convergence on 
our proposed algorithm can be found in [9J. 

To illustrate the operation of this algorithm, in. Figure 

1 we plot the received SNR curve for ADSL canonical itest- 
loop 9 s [10] with 100 mW of input power in the presence 
of 49 ADSL far-end crosstalkers and AVVGN. We have.asr 
sumed a sampling rate of 2.048 MHz, a lower bahdedge 

• v 

3 The SNR gap is a convenient single- parameter characterization of a 
transmission system, and it is a function of the chosen coding scheme, the 
target BER, and the desired minimum system performance margin. In 
particular, the SNR gap effectly estimates the difference between channel 
capacity and the actual achievable rate of a transmission system. ^ 

"In fact, often the two algorithms will yield the same solution, depending 
on the actual line and noise scenario. 

5 A DSL canonical test loop 9 consists of a segment of (3000 rt/26. AvVC): 
wire, followed by a (1500 ft/26 AWG) bridged tap, followed by a segment 
of (6000 ft/26 AWG) w,re. followed by another (1500 ft/26 AWG) "bridged 
tap, followed by a segment of (1500 ft/26 AWG) wire, and followed -by^S 
last (1500 ft/26 AWC) bridged tap. 



ADSL Loop »9 SNR Plot . -1/-FEXT . aWGN 




Fnqucocy (Hz) 



Fig. 1. ADSL Loop 9 Received SNR Curve with 49 ADSL FEXT Di: 
turbers -r AWGN 

-qfJp'.icHz, and a FFT siie of 512. The frequency domai: 
/"ripples" are due to unterrrdnateci bridged taps. In Figure 
f "2 jah"d 3/we show the resulting bit and input power dis 
tri Buttons; respectively. - The data rate for this particula 



" io 



. ADSL Loop #? Bn Oinnbuoon 



9 - 

2 .?v. V<: 
5 

■HZ; S r y 

i 4 



1 



mm 

sr.-',- h- 



100 "? - 150 s 
Cim«r Number 



Fig. 2. ADSL L66p 9 Bit Distribution with 49 ADSL FEXT Disturber 

•' -•'•-AWGN - " - - ' - '. ..: 

simulation is 1.728 Mbps r which corresponds to a (216,200 
Reed- Solomon .coded transmission at a raw t data rate of 1. 
Mbps; * .. . r..- - -v. .... 

r III, Applications and Results .' 

We 'now -apply the loading . algorithm , presented earlie 
to the provisioning of. ADSL service over copper twistec 
pairs. We will focus our simulation efforcs on the ADS I 
downstream, or' the high spxeed, direction of transmission 
where the data ra ; te is in the. range of 1.6 Mbps to 6.4-i 
.M^ps/and the required" BER' is 10- 7 /see (ilj)". The ADSI 
environment introduces .a variety of impairments, includ 
ing ISI, A^VGN from a number of possible sources, far-em 
: crosstalk '(FEXT) Jrom^adjacent twisted" pairs within th- 
v same binder, group, ^n<J" VrppUlse noise |12j".' For the sim 
uiations, we will assume ah AWGN' floor of"*- 143 dBm/H: 
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ADSL Loop »4 Input Po«*«r DiraDuuon 
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as che optimal water-pouring solution with infinite granu- 
larity in constellation size,, as long. as. .we adjust the input 
energy appropriately r on a subchannel? by-subchannel basis. 



: -Mil' 



1 3 ! . 



[4j 
1*1 



rig. 3. ADSL Loop 9 Input Power Distribution with 49 ADSL EXT . >T , 
Disturbers 1 - AWCN- * ■ ■ *'°- - ■< ; > t ^ & ["!-. 



,(xwc*sided) ; and49 AD§L F.EXT disturbed,, only. Impulse 
noise is not 'included in our simulation., THe ^asi'c; DMT'sys-^ 
.tern that is used for simulation has/a sampling rate of*2:04-8 J 
MHz and a EFT size of 512, resulting in.a'niMticarriCT s ssW- 
bol rate of 4 kHz. We will compare the performance bra - 
DMT system implemented with the algorithm presented in 
this paper with that of an-optimized,. water-pourings DMT 
system (see [3] and [4] for example). In fact, we wiU father 
restrict our integer bit constellation algorithm to have at^ 
least 2 bits and at most 10 bits per used'carrier. Wealso; 
assume a 40 kHz lower bandedge and use twp representa- 
tive ADSL loops; namely, the 9 kft, 26 gauge -loop ahd' the- 
18 kft, 24 gauge loop, with two .possible, data rates: (i 
4.0 Mbps and 1.6 Mbps. Table I summarizes pur com^tiVer*' 
simulation results of system performance margin. Clearlyf 
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Raw 


Length 


C*uge 


-W»t*r-Pour 


Integer Bit 


Differenfce : ] 


4.0 Mbos 


9 kft 


26 AWC 


15.9 fdB) 


15.7 (dB) 


0.2 (dB). 


1.6 Mbpi 


9 kft 


26 AW6 


27.5 (dB) 


27.3 (dB) 


0.2 (dB) J -- 


4.0 Mbps . 


" lS-xfi .. 


.2.4 A^C. 


.3.0 (d&.L 


..1.7, (dB> 


i.fciafiCJ**- 


1 .6 Mbps 


IS kit 


24 AWC 


20.9 (dB] 


20.7 (dB) 


0.2 :dBJ- 



' ' TABLE I 

System Pe^o.rmance, Marc t/^ of Water- Pouring, c^"' 'M 
Granularity DMT vs. Intecer Bit Granularity DMvTi? 

'SJ . I; 



the ; performances of the two systems .are virtually identical,- .. 
except for the worst case scenario, where we 'are tmng ; .toj- ;' 
transmit 4,0 Mbps over the 18 kft,, 24 gauge loop,.andrin :.. 
that case, we lose 1.3 dB. This degradation in performance-; 
turns out to be caused mainly -by the 2 fbit minimum/ 10: . 
bit maximum 'constraint that' we imposed on our system. 

....<; IV. Conclusion : :1 ! 

1 'In this paper, we "have presenteef'a practical DMT-l'oadirig ^ 

" algorithm for higfi speed data transmission over channels ; 

: wUh severe ISt as in the' ADSL transniission environment. 

vf We showed, through' ^computer j simulation; that the per- ^* 
Jorrriance .of bur ^algorithm "using; only^ 6onstellatiohs "jfltlt,- 
integer : number, of Bits per 2D ; symbol' 'is heiafrly as,.gop4.;; ; -.' 
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